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SUMMARY 2 5/ {73

The objective of the present study is to develop an annealing

process which can be used to achieve stable, high gain, bi-polar tran-~
sistors for very low power applications.

This report is based on a series of experiments performed on
wafers that were given several diffusions to form transistors. Electrical
test showed that those transistors that were annealed at 700°C and 750°C
in air for one hour had a lower gain and were leaky as compared with tran-
sistors that were pulled to the cool portion of the furnace and allowed to |
cool faster in the controlled atmosphere. Experiments performed with
hydrogen annealing produced tranéistors with high gains, The mixing of
various percentages of hydrogen and nitrogen permitted the amount of gain
increase to be controlled. The hydrogen annealing system is described in
dev.. . as are the other annealing systems. Transistors were given a lead
oxiae deposition and annealed. The lead glass helps to stabiligze the
transistor characteristics and even increase the gains of previously un-~
treated transistors.

It is now possible to achieve transistors with a range of gains.
This can be done by using the correct mixture of hydrogen and nitrogen. A
process is given based on the results of the experiments done on this con-

tract.
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1.0 EXPERIMENTAL PROCEDURES

1.1 - Device Structure

Two types of devices were initially selected for the
annealing experiments. One was the transistor portion of an integrated
amplifier block, and the other, a transistor design that was similar to
the transistor of the amplifier.

A representative schematic of the transistor structure
is shown below.

N N
I~ P P P P ~
N N
P

1.2 Sample Preparation

The silicon wafers used in the experiments were of 5 to
15 ohm cm, P type, doped with boron. The wafers were lapped with 12 micron
A1203 grit from 17 mils to 13 mils. They were then lapped on one aidg to
llnilauingBmicronA].zOB grit and polished to 10 mils with 1 micron

1.3 Device Fabrication

The wafers were cleaned after mechanical preparation to
remove all traces of wax and grit by the following method: (
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The wafers were inserted in a holder so that each wafer
was held separately. The holder was placed in a Soxhlet extractor so that
clean trichloroethylene only was used to remove the wax. They were then
heated in a 7% hydrogen peroxide solution to oxidize and remove the last
traces of wax. The material was then placed on a boat and inserted into
the epitaxial reactor. The wafers were etched in anhydrous HCl vapors for
LO minutes and then while in the same reactor a phosphorus doped n type
epitaxial lsyer grown. The epitaxial layer was 20 microns thick and had
a resistivity of 0.8 ohm cm. An oxide layer of 6000 A was grown on the
wafers in the next step. The first mask was put on by photoengraving and
holes etched in the oxide. The initial P type isolation diffusion separated
the regions where the various transistors were to be diffused. The depth of
the isolation diffusion was 25 microns to insure positive isolation. The
resistivity of the diffusion was from 2 to 10 ohms per square. A 6000 A
oxide layer was grown over the diffused layer. The second mask was put on
by photoengraving and again holes were opened in the axide for the P type
base diffusion. The depth of the diffusion was 10 to 11 microns and had a
resistivity of 250 to 300 ohms per square. A 6000 A oxide was grown over
the diffused area. Photochemistry put on the third mask and openéd holes
in the oxide for the n type emitter diffusion of a resistivity of 2 oilms
per square and a depth of 0.8 microns base width.

1.4 Anne. Procedure

The annealing temperatures of 700°C and 750°C were selected
to minimige the formation of cristobalite in the oxide. The optimum temper-
ature for the formation of cristobalite is at 800°C. The temperatures

f 2
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mentioned above were chosen with this in mind.

®—

If cristobalite has been

formed then as cooling occurs and the temperature reaches 250°C X~("low")-

cristobalite forms. This causes a drastic volume change and cracking occurs

in the cxide,

for the processing of the wafers:

1st annealing 700°C &
750°C after isolation
diffusion drive in -~
in air

2nd annealing 700°C &
750°C after base dif-
fusion drive in - in
air

3rd annealing 700°C &
750°C after emitter
diffusion drive-in -~
in air

12 Wafers - Oxidiszed and
First Step of Pattern Applied

/

Iead Oxide Deposition
And Annealing

\

This would be detrimental for the subsequent diffusions.
The following is a block diagram of the procedure followed

AEROSPACE DIVISION

No
‘g/ 2 wafera 10 wafers . 1
nd Mask 2nd Mask |
‘ l
2 wafers from above : No
-1 plus 2 wafers not 8 wafers
previously annealed - ' Annealing
T 1}
3rd Mask 3rd Mask
3 1
I, wafers from above z No
— plus 2 wafers not wafers
previously annealed T Annealing
+
4th Mask 4th Mask-
- v ¥
Flectrical Test Electrical Test
v ¥
Yarious H2 Treatments Yarious H2 Treatments
¥ : v
Electrical Test Electrical Test
v ¥ + ¥
No lead Lead Oxide Deposition || No lead
Oxide And Annealing -.Oxide
v
3
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4th Mask Lth Mask
v v
Alumirmum Deposition Aluminum Deposition
v WV
Electrical Test Electrical Test
T ' g
Alloying Alloying
¥ N
Electrical Test Electrical Test

Twelve wafers were run in each of the first two experi-
ments. Two wafers were annealed at 700°C after the boron isolation, these
two plus two more were annealed after the boron base diffusion, these four
plus two more were annealed after the phosphorus emitter diffusion. The
annealing was done in the air atmosphere of the furnace hood.

The above was repeated for an annealing temperature of
750°C.

In a later experiment, the above procedure was followed
but the annealing was done in the final atmosphere of the various diffusion
runs. The final atmosphere of the isolation diffusion was 90% nitrogen and
10% oxygen while the base and emitter diffusions were done in an oxygen
atmosphere.

The annealing was done in a small portable furnace with
its own temperature controller. Each time the furnace was adjusted to the
correct height.

In one series of experiments the wafers were given a
hydrogen treatment for one-half hour at 800°C. The temperature was dropped
by 50°C increments until 450°C. The boat was pulled out into the cool
portion of the quarts tube and allowed to cool for about ten minutes. The

A
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nitrogen was turned on and the hydrogen turned off. When the burn-off flame

L

L

expired the boat was removed from the tube. | 3

W
i

In another series of experiments nitrogen was mixed with

the hydrogen in several varying proportions and for varying times. All
experiments were performed at the same temperature of 800°C. One gaseous ¢

mixture consisted of H2-5 psig pressure, 500 cc/min., N2-10 peig pressure
1000 ec/min. Another mixture used was H,-5 1bs pressure, 500 ce/min., K,-10

1bs pressure 2000 cc/min. A third mixture was H,-5 1bs pressure, 1600 cc/min.,
N,-10 1bs pressure 1000 cc/min.

The lead oxide was evaporated on the wafers. In one series

1
B

of tests only half of the wafers were coated with the lead oxide. Also,
wafers that had not been hydrogen treated were coated with the lead oxide.

1.5 Apparatus

1.5.1 The annealing was done in a Hevi-Duty wire wound furnace.
The electrical power leads and the controller leads were made longer to
facilitate the placing of the furnace into the various furnace hoods. Four
ad justable legs were attached to the furnace. This was done to allow the
boatload of wafers to go from the diffusion furnace directly into the anneal-

ing furnace without dropping below the annealing temperature. The quarts
tube for the furnace was designed with a ground tapered end so that it
could be inserted into the furnace tube. This permitted the wafers to be
_I in the same atmosphere as the diffusion if desired.

1.5.2 The hydrogen annealing furnace was set up with safety in
mind. The hydrogen and nitrogen lines were connected together with a tee
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and then to the furnace tube., This permitted the tube to be flushed with

nitrogen until all the air was flushed sut. Then the hydrogen was turned

on and the nitrogen turned off. The hydrogen was burned off at the exit

F

end. The quartz tube was made long enough to accommodate the quartsz boat

[

out of the furnace and keep it in a hydrogen atmosphere until cooled to
100°C.

1.5.3 The third furnace was set up for the lead oxide treatment.
The first zone of the furnace was adjusted for 600°C + 10°C, At this tem-

perature the lead oxide that was deposited on the wafers by vacuum deposition

rognaaiis.

combined with the silicon dioxide to form a lead-silica glass. The second

]
‘.

sone of the furnace was set at 400°C + 10°C to anneal the lead glass.
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2.0 RESULTS

The wafers were tested on the 575A Tektronix Transistor
tester for the gain and the VCEO breakdown. The wafers that had been annealed
in air were leaky and showed a lower gdn and higher vCEO breakdown voltage
than the wafers that had not been annealed. The wafers that had been annealed
in the same gaseous atmosphere as the diffusions did not show any significant
difference in the gain or the VCEO as the unannealed wafers.

Transistors on various wafers were electrically tested and
the gains and vCEO recorded. They were then given a hydrogen treatment for
15 minutes at 800°C. The transistors were electrically tested again. The
gains were approximately tripled. Repeating the hydrogen treatment for
another 15 minutes gave about the same readings. These same wafers were given
a 30-minute treatment in a mixture of 2000 cc of N, and 500 cc of H, and
tested. The gains decreased to approximately the same readings recorded when
they were first .tested. When these wafers were given a straight hydrogen
treatment the gains went up. The gains resulting from this treatment were
much higher than that recorded with the HZ’ N2 mixture. It was also found
that in some cases repeated hydrogen treatments could cause channels. These
channels in many cases could be removed by giving the wafer a 2 to 5 minute
treatment in a furnace in an oxygen atmosphere. The temperature of the
furnace was varied from 500°C to 800°C. A higher temperature can be used
but for a shorter time. The oxygen treatment has the effect of reducing the
gain whil.le it removes the channel.
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Electrical test of the wafers that had been partially
coated with PbO and annealed in air showed that the coated area had improved

-

gains as compared with the uncoated area. These gains, however, were not as
high as those obtained by the hydrogen treatment. The lead glass stabilizes
the transistor characteristics.

The wafers that had aluminum contacts vapor deposited and
then alloyed and electrically tested showed a drop in the gain of the trans- B
istors.

Some of the transistors that were not metalliszed had been

set aside for two months and retested. For that length of time the transis-
tors had the same electrical characteristics as when first tested.
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TABIE 1

Comparison of the Gains of Annealed and Unannealed Transistors

Annealed Unannealed
Transistor B VCEO Transistor B vCEO
N-L4-1 10 50 N-20-1 30 L0
N-14-2 10 50 N-20-2 30 L0
N-14-3 6 60 N-20-3 35 40
N-14—4 L 35 N-20-4; L0 40
R-14-5 5 50 | N-20-5 30 40
N-14~6 5 50 N=-20-6 L0 L0

Annealing Done In Air At 700°C
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TABIE II

Hydrogen Treatments

' €
§
t

AEROSPACE DIVISION
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As Diffused|Treatment I| Treatment II| Treatment III| Treatment IV|Treatment V
Transistor| B8 Veps | B |Vemo | 8 {Vemo B |Vero B |Vero
U5-=2 36 30 {120 23 10 25 60 28 500 18
Us-3 68 28 |190 23 |180 23 80 27 420 18
CHANNELS
Us-4 68 28 |130 25 1140 25 50 32 440 18
' DEVELOFPED
U5-5 110 25 | 280 20 | 280 20 160 2, 4,00 19 .
U5-16 50 28 | 340 20 | 340 20 140 26 580 17
U5-27 60 28 | 310 21 | 320 20 180 25 500 18
U5-38 60 27 | 150 24 | 150 2 20 27 200 22
psig
Treatment I I-I2 5 1bs pressure 1600 cc/min. 15 minutes at 800°C + 10°C
N, 10 lbs pressure 1000 cc/min., A
Treatment II H2 5 lbs pressure 500 cc/min. 15 minutes at 800°C + 10°C
N, 10 lbs pressure 2000 cc/min.
Treatment III H2 5 lbs pressure 500 cc/min. 30 minutes at 800°C + 10°C
N, 10 lbs pressure 2000 cc/min.
Treatment IV H, 5 lbs pressure 500 cc/min. 15 minutes at 800°C + 10°C
N, 10 1bs pressure 1000 cc/min. ‘
Treatment V H2 5 1bs pressure 1000 cc/min. 15 minutes at 800°C + 10°C
N, 10 1lbs pressure 1000 cc/min.
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TABIE III

Hydrogen Treatments

As Diffused| Treatment 1] Treatment II|Treatment III|Ireatment IV|Treatment V

Transistor| B {V v

ceo| P

Nlj-1 9 |25 |250 | 22 [260 | 20
N14-2 70 |28 |150 | 25 |20 | 22 180 | 23 50 | 29 350 | 20
N14-3 6 {30 [ &4 |30 | 70| 28 80 | 25 4 | 30 115 | 25
2
22

g
L
)
8

150 | 25 |150
N14-5 70 |28 [210 | 23 |260

100 25 50 28 210 22

peig
5 lbs pressure 500 cc/min. 15 minutes at 800°C + 10°C
10 1bs pressure 1000 cc/min.

Treatment 1

Treatment II 5 lbs pressure 500 cc/min. 15 minutes at 800°C + 10°C

10 1bs pressure 1000 cc/min.

10 1bs pressure 2000 cc/min.

Treatment IV 5 1bs pressure 500 cc/min. 30 minutes at 800°C + 10°C

N2

Hy

N2

Treatment IIT K, 5 1bs pressure 500 cc/min. 15 minutes at 800°C + 10°C

. N,

B
N, 10 1bs pressure 2000 cc/min.

Treatment V H, 5 1bs pressure 1000 cc/min. 15 mimtes at 800°C + 10°C

!
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TABIE IV

Hydrogen, Lead (Oxide, Alloying Treatment

As Diffused |After H,-800°C-} hr.|After O, Treatment,PbO and Alloying
Transistor| g | Vep, 8 Vero B Vero
—- *
N-12-1 |8 ¢ | 30 400 ¢ 30 100 28
N~12-2 |6¢c | 20 400 ¢ 25 100 30 ]
N-12-3 |6¢c | 20 500 ¢ 25 150 2l
N-12-4 |8¢c | 20 500 ¢ 30 150 2l
N-12-5 |6 ¢ 20 300 ¢ 30 100 25 ?
N12-6 [6c | 20 | 500 28 325 2, i
%¢ = Channels E

TABLE V

b
A‘= .
ot

Hydrogen, Alloying Treatment

i
fd

af ' As Diffused | After H2 Treatment | After Alloying
) Transistor | 8 [ Vggo 8 Vero B | Vemo
.’ N-24-1 60 | 18 500 15 leaky | 10 No PbO Treatment
a T R-24-2 9 | 2 1000 20 leaky | 13 ) Before Alloying
- R-24-3 80 | 25 800 20 150 19
. Pb0 Treatment
1 N-2-4 | 60 | 20 | 2000 20 130 | 15
- Before Alloying
: | N-24-5 f120 | 20 1200 20 150 12
1 y
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l UNCLASSIFIED




L UNCLASSIFIED
otorei _ L

TABIE IV

Effect of Lead Glass on Transistor Electrical Characteristics

Annealed Transistors As Diffused PbO Annealed-Al After Alloying

B |V%eo | 8 VeEo B VeEo |

(N-14-1 | 10 50 200 25 150 25 L

-2 | 10 |5 150 25 150 25 H

A1l coated i

, —{ N-14-3 6 60 150 25 125 28 ~.

il with PbO « 5

N-14-, 4 35 175 25 150 28 3

:] N-14-5 5 50 200 25 150 25 ‘

N-14-6 5 50 175 25 125 25

:‘T [ N-19-1 30 28 125 25 100 25 %
7 Goated  I§-19-2 | Leaiy| o0 00 [ 28 75 28
with PbO N-19-3 Leaky| © 125 28 100 28

3‘ | 194 | Leaky| © 100 28 75 28 T
a Not coated | N-19-5 Ieaky] © 70 28 10 30
3 with Po0 | N-19-6 Leaky] O 50 28 50 28

1 1
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3.0 DISCUSSION

3.1 Discussion and Results

The annealing of transistors in air at 700°C or 750°C for
one hour was detrimental to the electrical characteristics -~ Table I. Anneal-
ing transistors in the same atmosphere that is used at the end of the diffusion
did not result in any significant difference in the gain as those transistors
that were not annealed. The use of a mixture of hydrogen and nitrogen increases
the gain. The amount of gain can be "tailored in" by selecting the correct
proportions of nitrogen and hydrogen. A particular transistor can be used in
a number of different integrated circuits by adjusting the gain with the above
gaseous treatment. The use of an extra furnace for the nitrogen, hydrogen

treatment can be eliminated by the incorporation of this treatment in the
final diffusion. That is, the regular diffusion is done but for the last two
or three minutes the atmosphere is changed to the desired mixture by first
flushing the furnace tube with nitrogen and then adjusting the nitrogen and
adding hydrogen. If very high gains are needed then only hydrogen is used
after flushing. Allowance should be made in calculating the amount of gain
needed as it has been found (Table IV and VI) that metallisation and alloying

cause lowering of the gain. The use of lead oxide evaporation on the silicon
dioxide layer before metallization is very desirable. It stabilized or "locks
in" the transistor characteristics. In some cases it increased the gain with- ]
out a hydrogen treatment.
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3.2 Procedure

The following is then the recommended procedure for obtaining
a stable, high gain bi-polar transistor for very low power application:

3.2.1 Prepare the wafer by slicing and planetary lapping with 12
micron AZI.203 grit until 2 mils of material are removed from both sides. Lap
one side with 3 micron li.1203 grit until 2 mils are removed. Polish the same
side with 1 micron 1\1203 until 1 mil is removed. Remove the wafer from the
polishing holder and clean off the wax. The final solvent rinse should be
done in a Soxhlet extractor. Then immerse the wafers in a hot 7% hydrogen
peroxide solution for twenty minutes and rinse thoroughly in deionised water.

3.2.2 Etch the surface of the wafer in a gaseoua HCl etch or chem-
ical polish to remove the mechanically damaged layer.

3.2.3 If the design includes an epitaxial layer, it is recommended
that the eplitaxial layer be deposited after the gaseous HCl etch so that it

has a clean substrate,

3.2.4 Grow a 6000 A oxide on the wafer and print the desired pat-

tern by photoengraving.

3.2.5 Do the desired diffusions, using the process as developed
under Contract No. NAS5-2755. After each diffusion the next pattern is
applied by photoengraving.

3.2.6 At the last diffusion, either N type or P type, the run is
terminated by purging the diffusion tube with nitrogen to remove the last

15 ,
[
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traces of moisture and/or oxygen. A mixture of 2500 cc/min. of H, and 500
cc/min. of N, is allowed to flow for ten minutes when the furnace 1s at 1000°C
to obtain a high gain (See Table II for other conditions). At the end of

the ten minutes, the boat is pulled to the cool portion of the furnace tube
and allowed to cool in the same atmosphere.

Note: This procedure is followed when there is a good
exhaust to remove the hydrogen. If this is not available it is recommended
that a ground glass joint be attached to the furnace tube. Then a matching
end-cap with an opening large enough to accommodate a quarts rod to pull the
boat into the cool portion is attached. The hydrogen gas is burned at the

exit of the end-cap.

3.2.7 Photoengrave and open holes in the oxide. Test.

3.2.8 Clean at 150°C in concentrated stoh for 5 minmutes, and

rinse thoroughly to remove all traces of acid.

3.2.9 Ioad a platimum boat with a 50 milligram charge of high
purity Pbo (e.g. J. T. Baker Lead Oxide Cat. No. 2338). Evacuate the evap-
orator chamber to a minimm vacuum of 5 x 10"5 mm. The evaporation is done
slowly. The platinum boat is used as a resistance heater and is heated
carefully until the PbO becomes molten (approximately 890°C). Enough heat
is maintained to keep the PbO molten. The evaporation is finished when all
of the PoO has evaporated. The substrate is placed 9 inches above the source.
The wafers are held on a portion in which there are no devices.

Note: The vacuum chamber should be used only for lead oxide
evaporation,

16
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3.2.10 Place in furnace in air atmosphere at 600°C for 30 minutes,
move into 4L00°C sone and anneal for 30 minutes. |

3.2.11 Photoengrave and open holes in oxide.
3.2.12 Evaporate metallic contacts.
3.2.13 Photoengrave and remove unwanted aluminum.
3.2.14 Alloy
Py
by
- 7
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